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Summary 
An operational checkout and shakedown of a 

new active sidewall-boundary-layer removal system, 
installed in 1984, was conducted in the Langley 
0.3-Meter Transonic Cryogenic Tunnel. Prior to 
the installation of the active removal system, the 
sidewall-boundary-layer removal was done in a pas- 
sive mode by exhausting directly to the atmosphere 
(Le., no reinjection). With the active removal sys- 
tem, using a cryogenic compressor for reinjection, the 
removal capability was significantly increased at the 
low Mach numbers. Details of the active removal 
system are presented including the compressor rein- 
jection circuit, the compressor. pressure ratio/surge 
control, and the compressor recirculation loop. The 
cont(ro1 logic and features of the compressor surge 
control are explained. Limited performance tests of 
the active system showed a maximum mass flow re- 
moval rate of about 5 percent of the test section 
mass flow at a Mach number of 0.40 (compared with 
0.25 percent with the passive system). At a near 
transonic Mach number of 0.73, the active system 
removed 2.50 percent of the test section mass flow 
compared with 1.85 percent removed with the pas- 
sive system. Measured performance characteristics 
of the compressor over a wide range of stagnation 
pressures and temperatures are presented. 

Introduction 
Airfoil data obtained in two-dimensional wind 

tunnels are known to be influenced by wall interfer- 
ence effects. In particular, the interference of the 
sidewall boundary layers at transonic Mach num- 
bers can be quite significant, as demonstrated by the 
ONERA (ref. 1) test on airfoils for different, sidewall- 
boundary-layer thicknesses. In an effort to mini- 
mize the sidewall-boundary-layer interference, sev- 
eral modern airfoil test facilities employ some type 
of system for sidewall boundary-layer control. These 
systems are usually either a sidewall-boundary-layer 
removal system (refs. 2 and 3), which reduces the 
sidewall-boundary-layer thickness and energizes the 
boundary layer to reduce possible separation of the 
sidewall and model boundary layers, or a sidewall 
blowing system (refs. 4 and 5), which also ener- 
gizes the sidewall boundary layer in order to pre- 
vent separation of the sidewall and model boundary 
layers. At the Langley Research Center, the need 
to minimize the influence of the sidewall boundary 
layer was recognized in the early design stages of 
the Langley 0.3-Meter Transonic Cryogenic Tunnel 
(0.3-m TCT), and plans were made to incorporate a 
sidewall-boundary-layer removal system. The plans 
were carried out in two successive phases of installa- 

tion of the boundary-layer removal hardware. When 
t h e  fiwt phase  was completed in 1981, the boundary- 
layer removal system was operational in the passive 
mode and some validation tests with airfoils were 
made (refs. 6 to 9). In the passive mode of boundary- 
layer removal, the amount of mass removed from the 
sidewall boundary layer is limited to the quantity of 
the liquid nitrogen LN2 injected to maintain the mass 
and thermal balance requirements in the tunnel un- 
der a steady-state operating condition. In this mode 
of operation the amount of mass removal is signif- 
icantly limited at low Mach numbers. However, if 
the m a s  removed from the sidewall boundary layer 
is reinjected into the wind tunnel, the steady-state 
mass and thermal balance requirements can be main- 
tained under all conditions and the removal capabil- 
ity is greatly enhanced. In the 1984 completion of 
the second phase of installation, the ability to rein- 
ject the mass removed from the sidewall boundary 
layer back into the 0.3-m TCT circuit was incorpo- 
rated by using a recirculation system (referred to as 
the active system) consisting of a cryogenic centrifu- 
gal compressor and the associated control systems. 
The active system significantly expands the sidewall- 
boundary-layer removal capabilities at the low to 
mid subsonic Mach numbers, a testing region over 
which the passive system cannot reduce the sidewall- 
boundary-layer thickness because it has virtually no 
removal capability at those Mach numbers. The 
combined capabilities of the active and passive sys- 
tems provide sidewall boundary-layer removal rates 
that will significantly reduce the sidewall-boundary- 
layer displacement thickness at low subsonic to high 
transonic Mach numbers. In October 1984, a lim- 
ited test program was conducted to check out the 
integration of the active removal system with the 
standard tunnel operation. The tests also estab- 
lished the performance limits of the active system 
cryogenic boundary-layer removal compressor over a 
wide range of stagnation pressures and temperatures 
while at  the same time providing limited performance 
data of the active system at a subsonic and a tran- 
sonic Mach number. The purpose of this paper is 
to present some salient features of the active removal 
system hardware, the associated system controls, and 
some results obtained during the combined perfor- 
mance tests of the cryogenic compressor operational 
validation and the sidewall-boundary-layer removal 
capability with the active system. 

Nomenclature 
ACFM actual cubic feet per minute 

(reduced to a compressor inlet 
condition) 
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Subscripts: 

bl boundary-layer removal 

dis discharge of compressor 

in inlet condition (compressor or 
digital valve) 

junction of digital valves discharge j 
t total condition in tunnel 

ts  test sect ion 

00 test section condition far upstream 
of perforated plates 

Apparatus 

0.3-m Transonic Cryogenic Tunnel 
The Langley 0.3-m TCT is a continuous flow fan- 

driven transonic tunnel which uses cryogenic nitrogen 
as a test gas (ref. IO). It is capable of operating 
at Mach numbers up to about 0.9. The stagnation 
pressure and temperature can be varied from about 
1.2 to about 6.0 atm and from 144"R to 576'R, 
respectively. Under steady operating conditions, the 
heat of compression imparted to the test gas by 
the fan is removed by automatic injection of liquid 
nitrogen into the tunnel circuit, and the stagnation 
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pressure is maintained by the automatic control of 
the gaseous nitrogen exhaust. 

Boundary-Layer Removal System 

A sketch of the 0.3-m TCT with the boundary- 
layer removal system is shown in figure 1. The re- 
moval system can be operated in either the passive 
or the active mode by opening and closing the ap- 
propriate valves. In both modes the boundary-layer 
mass removed from the two sidewall boundary layers 
is independently controlled by digital valves on the 
discharge side of each sidewall. In the passive mode, 
with the vent valve opened and the isolation valve 
closed, the discharge from each wall is exhausted di- 
rectly to the atmosphere. This mode of operation 
was employed in earlier tests (refs. 6 to 9) and has 
the limitation that the test section static pressure 
must be higher than the ambient pressure when it is 
used. Furthermore, in the passive mode, the maxi- 
mum rate at which mass can be removed is limited 
to the rate at which liquid nitrogen is being injected 
into the tunnel in  order to maintain steady operat- 
ing conditions. At higher Mach numbers, the heat 
of compression is large; therefore, the liquid nitro- 
gen injection rate will be higher and correspondingly 
higher removal rates can be obtained. 

Because the passive sidewall-boundary-layer re- 
moval capability is not large enough to signifi- 
cantly reduce the sidewall-boundary-layer displace- 
ment thickness at the low to mid subsonic Mach 
numbers, the passive mode of operation is limited 
to the higher Mach numbers in the transonic range. 
At transonic Mach numbers, the passive system pro- 
vides sufficient sidewall-boundary-layer removal to 
reduce the sidewall-boundary-layer parameter 26*/b 
by about 50 percent. With the active removal system 
available for operation, the boundary-layer removal 
rates are sufficiently large to adequately reduce 26*/b 
under all tunnel operating conditions. To switch over 
to the active mode of operation, the vent valve (fig. 1) 
is closed and the isolation valve opened, thus allowing 
the mass removed from the sidewall boundary layers 
to be processed by the compressor and reinjected into 
the tunnel circuit at the diffuser. 

Test Section and Perforated Plates 

A typical top view of the test section of the 
0.3-m TCT is shown in figure 2. In this photograph, 
the top of the plenum chamber and the top slotted 
wall of the test section have been removed. Visible 
in the photograph are the airfoil model, boundary- 
layer removal ducting, and one of the two perforated 
plates. The perforated plates are fitted flush on 
both the sidewalls, upstream of the model location, 



to remove the sidewall boundary layer. The two- 
dimensionai test section insert ior this tunnel has a 
cross section of 8 by 24 in. which is surrounded by 
a rectangular plenum. The top and bottom walls 
of the test section have two slots each. The slots, 
which were designed with the low blockage criteria 
of reference 11, have a total open ratio of 5 percent 
for both the top and bottom walls. 

The perforated plates currently in use have a 
nominal porosity of about 10 percent. The holes, 
which are electron beam drilled, have a nominal di- 
ameter of 0.005 in. and a spacing of 0.014 in. and 
have a slight divergence in the suction direction to 
improve pressure recovery. The surfaces of the per- 
forated plates are etched and polished to obtain a 
smooth “flow surface” (about 15 microinches rms). 
This surface preparation and fabrication technique 
ensured that there was no appreciable thickening of 
the boundary layer over the perforated plate com- 
pared with that over the more frequently used solid 
walls. The finding that the boundary-layer growth 
over the perforated plate is approximately the same 
as that over a solid plate is based on calculations and 
measurements described in reference 6. The perfo- 
rated plates are mounted on a honeycomb backing 
(see fig. 3) using an adhesive bond to provide ade- 
quate strength to withstand the operating loads. 

Active Removal System 

A schematic of the boundary-layer removal sys- 
tem is shown in figure 4. The gas that is removed 
from the sidewall boundary layer leaves the digital 
valves and is compressed by the centrifugal compres- 
sor to provide sufficient pressure for reinjection into 
the tunnel circuit at  the high-speed diffuser at four 
locations. (See fig. 1.) The pressure ratio across 
the compressor ranges from about 2.1 to 2.4 depend- 
ing on the inlet pressure and temperature of the gas 
entering the compressor. For sufficiently high mass- 
flow removal rates from the test section, the com- 
pressor discharge is directly reinjected into the dif- 
fuser. At lower removal rates, when the flow rate 
into the compressor drops to a low level, the com- 
pressor can go into an unstable operating condition 
referred to as surge. If the compressor goes into 
surge, it is automatically corrected by the opening of 
the recirculation-surge flow control valves, with addi- 
tional mass supplied by the injection of LN2 into the 
recirculation loop. (See fig. 4.) When these valves 
are opened, there is a higher mass flow through the 
compressor which takes the compressor out of surge. 
The two recirculation-surge flow control valves also 
help to maintain the proper pressure ratio across the 
compressor. 

The temperature at the inlet to the compressor is 
controlled by the injection of LN2 into the piping well 
upstream of the compressor inlet. The vent valve on 
the discharge side of the compressor is used to relieve 
the line pressure if it exceeds 90 psia. The entire 
discharge from the compressor can be diverted into 
the recirculation loop (prior to reinjection into the 
diffuser) by closing an isolation valve. 

Digital Valves 

The precise control of the rate of sidewall- 
boundary-layer removal by the system (see fig. 4) is 
possible with the two digital valves and their associ- 
ated controls. Each digital valve consists of a num- 
ber of calibrated sonic nozzles operating in a bistable 
mode either open or closed. The sonic nozzles are 
used in appropriate combinations to give the required 
flow area. The ll-bit digital valve used in the present 
system has a resolution of 1 in 2048 and is micropre 
cessor controlled. The microprocessor maintains a 
constant mass removal rate through the perforated 
plates at  a level specified by command set points. 
Each of the digital valves can be driven to a command 
set point by a feedback control loop which sets the 
mass flow through the perforated plates in terms of 
either actual rate of flow or percent of the test section 
mass flow. The desired mass removal rate is set on 
the control panel thumbwheel for input to the micro- 
processor. The tunnel total pressure, static pressure, 
and total temperature are input to the microproces- 
sor to determine the test section mass flow rate. (See 
fig. 5.) The mass flow rate through the digital valves 
is determined by the microprocessor from an input of 
the inlet total pressure and temperature from each of 
the t,wo digital valves. The pressure at the junction 
of the two discharge lines from the digital valves is 
also input t o  the microprocessor t o  make sure there is 
enough pressure drop (at least 15 percent) across the 
digital valve to have sonic flows through the nozzle 
elements. A fault light on the control panel indicates 
when there is less than a 15-percent pressure drop 
across either of the digital valves. 

The installation of the two digital valves is shown 
in figure 6. They are located on the roof of the 
building containing the 0.3-m TCT and are in an 
enclosure to protect them from the weather. A 
piping duct from each side of the test section enters 
the bottom of the digital valves and the discharge 
ducts t o  the compressor are on the side of the valves. 
The photograph also shows the exhaust line to the 
atmosphere and the vent valve, which is open for 
passive operation and closed for active operation. 
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compressor performance, drops the pressure ratio toward the set 
point value. 

Pressure Ratio/Surge Control 

One of the unique control features of the cryogenic 
centrifugal compressor used in the active system is 
that it is designed to operate at a constant pressure 
ratio of 2.15 (below an inlet temperature of 410'R). 
This type of control, at a constant pressure ratio, 
was selected because of the difficulty in having a con- 
ventional surge control system on a compressor that 
was designed to operate over a wide range of tunnel 
stagnation conditions (1.0 atm 5 pt  5 6.0 atm and 
saturation temperature 5 Tt 5 ambient). Therefore, 
it was decided to let the control of the pressure ratio 
also serve as surge control. This dual type of control 
(surge and pressure ratio) is possible since the design 
pressure ratio of the compressor at low flow rates 
(near surge) is about 2.33 and at the highest flow 
rates is near the set point value of 2.15. Thus, the 
pressure ratio controller (over most operating condi- 
tions) tries to achieve the lower pressure ratio of 2.15 
by opening the recirculation valves and introducing a 
higher flow rate through the compressor. The process 
that regulates the pressure ratio toward 2.15 always 
takes the compressor away from a condition of surge. 
The pressure ratio controller that activates the re- 
circulation loop valve is located in the compressor 
control panel. The control process of the compressor 
pressure ratio PR is based on the monitoring of the 
temperature at the inlet t o  the compressor and the 
use of this inlet temperature to prescribe a set point 
pressure ratio. (See fig. 5.) The following equations, 
which assume an ideal gas, are used in the pressure 
ratio controller to determine the set point pressure 
ratio: 

PR = pdis/pin = 2.15 (qn 5 410'R) (1) 

The measured inlet and discharge pressures pi, 
and Pdis (i.e., measured pressure ratio) are input to 
the pressure ratio controller and compared with the 
set point pressure ratio calculated from equations (1) 
and (2). If the measured pressure ratio is greater 
than the set point value, the pressure ratio controller 
sends a signal to the recirculation valve actuators to 
open the recirculation loop valves to establish flow 
in the loop. The flow through the recirculation loop 
increases the mass flow into the compressor which, 
based on design (and later measured) compressor 

Motor Speed Control 

The motor speed control (see fig. 5) is processed 
by the same microprocessor that controls the digital 
valves. The speed of the compressor motor n, which 
is directly related to the compressor pressure ratio, 
is based on the measured inlet temperature qn of 
the compressor and is calculated from 

n = 107.7 6 rpm (q, 5 410'R) (3) 

n = 2180 rpm (T, > 410'R) (4) 

A signal from the microprocessor is sent to the mo- 
tor speed controller t o  maintain a speed based on 
the compressor inlet temperature and equations (3) 
and (4). 

Inlet Temperature Control 

The control of the compressor inlet temperature 
(see fig. 5) is done in the same microprocessor that 
controls the digital valves. The temperature con- 
troller compares the compressor inlet temperature 
with the tunnel total temperature and establishes a 
set point inlet temperature that is 36'R below the 
tunnel total temperature. When the actual inlet tem- 
perature is above the set point temperature, the tem- 
perature controller injects LN2 upstream of the inlet 
t o  the compressor. (See fig. 4.) The injection of LN2 
is regulated by a feedback control loop in the tem- 
perature controller that drives the inlet temperature 
toward the set point temperature. 

Drive System 

A photograph of the compressor drive system 
consisting of the compressor, the gearbox, the drive 
motor, and the control panel is shown in figure 7. The 
compressor is driven by a 1000-hp variable-frequency 
motor through a gearbox which has a 9.2:l.O gear 
ratio. Dry gaseous nitrogen GN2 is continuously 
supplied to the buffered labyrinth seal between the 
gearbox and the compressor housing. The dry GN2 
seal gas prevents any moist air from entering the 
impeller cavity when the compressor is operating at 
subatmospheric conditions. The compressor casing 
is made of type 316 stainless steel and the impeller is 
made from an aluminum alloy suitable for cryogenic 
operation. 
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Results and Discussion 

Sidewall-Boundary-Layer Removal System 
Performance Validation 

The measured performance of the passive 
sidewall-boundary-layer removal system at unit 
Reynolds numbers of 20 x lo6, 30 x lo6, and 
60 x lo6 ft-' is shown in figure 8(a) with the 
amount of removal presented in percent of the test 
section mass flow as a function of the test section 
Mach number. The data shown in figure 8(a) for the 
passive system represent about the maximum percent 
removal that can be obtained for a given Mach num- 
ber and Reynolds number with this mode of sidewall- 
boundary-layer removal. The passive boundary-layer 
removal has an upper limit which ranges from about 
0.25 percent at Moo = 0.3 to about 2.20 percent at 
Moo = 0.9. The solid lines represent fairing of the 
data and the dashed lines represent extrapolation of 
the data at a constant Reynolds number. The up- 
per boundary of the passive removal capability has 
been established from previous tests (see refs. 6 t o  9) 
and, as shown in figure 8(a), is slightly higher at the 
lower Reynolds number associated with warm oper- 
ation and somewhat lower at the higher Reynolds 
numbers associated with cold conditions. For exam- 
ple, at a Mach number of about 0.73 a decrease in 
Reynolds number from 60 x lo6 ft-I to 20 x lo6 
ft-' results in an increase in the removal capability 
from slightly less than 1.3 percent t o  about 1.9 per- 
cent. It is also shown that the passive removal ca- 
pability significantly increases with increasing Mach 
number, which would be expected based on the tun- 
nel mass balance and the LN2 injection limitations 
placed on this mode of operation. For example, at 
Mach numbers of 0.765 and 0.860 the maximum re- 
moval rates are 1.85 and 2.00 percent, respectively. 
The shaded region shown in figure 8(a) represents 
the expected removal capability and requirement of 
the active system. The decrease in the upper bound 
of the expected removal capability with increasing 
Mach number (from a maximum value of 4.00 per- 
cent at a Mach number of 0.30 to a value of about 
1.60 percent at a Mach number of 0.86) is primarily 
due to the mass flow limitations of the digital valves. 

Active System 

The data shown in figure 8(b) are the limited per- 
formance results of the active removal system ob- 
tained during the detailed compressor performance 
validation. The shaded region represents the range 
of performance of the passive system as shown in 
figure 8(a). The compressor performance validation 
was done over a wide range of stagnation pressures 

and temperatures (from a maximum mass removal 

section Mach numbers of 0.40 and 0.73. At these two 
Mach numbers, numerous data points were taken to 
evaluate the compressor performance, as indicated 
by the crosshatched regions between the circle and 
the square. The upper dashed line between the two 
circles represents an approximate fairing of the upper 
limit of the performance of the active system, with 
the digital valves open 100 percent. In a similar man- 
ner, the lower dashed line is faired between the two 
squares, which are the points of minimum removal 
without recirculation. This line is also referred to 
as the compressor surge line. When the compressor 
is operated below the surge line with the active re- 
moval system, recirculation is required to  keep it out 
of surge. The compressor validation was done with 
no recirculation in order t o  accurately measure the 
mass flow through the compressor with the two digi- 
tal valves. At a Mach number of 0.40, the maximum 
removal rate is about 5.0 percent. As the Mach num- 
ber increases the maximum removal rate shows the 
expected decrease. At the higher Mach number of 
0.73, the maximum removal rate for the active system 
is about 2.5 percent, which is about 35 percent higher 
than the passive removal value of 1.85 percent. The 
compressor was not operated below the surge line 
during the limited active system performance valida- 
tion tests reported in this paper. When recirculation 
(i.e., operation below the surge line; see fig. 4) is uti- 
lized, the envelope of the active removal capabilities 
includes the entire region from the maximum removal 
condition (i.e., digital valves fully open) down to, and 
in some cases including, the region of passive opera- 
tion. Clearly, the results from figure 8(b) indicate the 
addition of the cryogenic compressor greatly expands 
the operational capability of the sidewall-boundary- 
layer removal system at the lower test section Mach 
numbers. 
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Compressor Validation 
Compressor performance for total-head pressure 

ratio and power versus inlet flow in actual cubic feet 
per minute are shown in figures 9 and 10. The inlet 
flow in both figures is reduced to the design condi- 
tion using ideal gas nitrogen calculations (compress- 
ibility factor of 1.0), an inlet pressure of 46.6 psia, 
an inlet temperature of 410°R, and a motor speed 
of 2180 rpm. The actual compressor inlet pres- 
sure and temperature varied from 7 to 37 psia and 
from 160'R to 410°R, respectively, during the tests. 
The steady-state inlet temperatures for the compres- 
sor were very close to the tunnel total temperature. 
However, as would be expected, because of the pres- 
sure drop between the test section perforated plates 
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and the compressor inlet, the inlet pressures (see 
figs. 9 and 10) were considerably less than the tun- 
nel total pressures of 17.6 to 85.0 psia. The perfor- 
mance data were taken with the recirculation loop 
closed, and the removal rates ranged from the max- 
imum flow rate the digital valves could pass to the 
rate at which compressor surge was first detected. 
In addition, there was no LN2 injected between the 
digital valve and the compressor inlet. Thus, all the 
mass that passed through the compressor came from 
the sidewall-boundary-layer removal and was directly 
reinjected into the tunnel. During the tests, the tun- 
nel flow conditions could be easily maintained, indi- 
cating successful integration of the compressor sys- 
tem with the tunnel operation. The measured pres- 
sure ratio data in figure 9 are very close to the ex- 
pected values from design calculations. In addition, 
the results in figure 9 confirm the design logic used in 
the pressure ratio/surge controls which required the 
actual pressure ratio to be slightly above the set point 
value of 2.15. This pressure ratio control process al- 
ways puts the compressor in an operating condition 
of higher flow and away from surge. The required 
compressor power (see fig. lo), calculated from the 
measured mass flow, pressure, and temperature dur- 
ing the compressor validation, shows that compres- 
sor power requirements will not exceed the available 
1000 hp of the drive motor. 

Conclusions 
Tests were conducted in the 0.3-m TCT with the 

recently installed active sidewall-boundary-layer re- 
moval system to validate the operation of a new cryo- 
genic compressor and the associated system controls. 
During the tests the mass removed from the side- 
wall boundary layer of the test section was reinjected 
into the high speed diffuser section. The tunnel was 
in a standard mode of operation for airfoil testing, 
with an airfoil in the test section. The tests were 
conducted at a subsonic and a near transonic Mach 
number over a wide range of stagnation pressures and 
temperatures. The integration of the active sidewall- 
boundary-layer removal system was evaluated and 
some limited performance data were obtained for 
the active system. The tests indicate the following 
conclusions: 

1. The active sidewall-boundary-layer removal sys- 
tem was successfully integra.ted with the normal 
operation of the tunnel. The new system used 
a cryogenic centrifugal compressor to reinject the 
mass removed from the test section back into the 
high-speed diffuser. 

2. The active system with the compressor operated 
successfully over a range of tunnel total pressures 

(17.6 to 85.0 psia) and tunnel total temperatures 
(near ambient to the saturation limit). 

3. The digital valves previously used in the passive 
system were integrated into the active system 
and provided an accurate control of the rate of 
sidewall-boundary-layer mass removal. 

4. The limited performance validation indicated the 
boundary-layer removal capability was greatly ex- 
panded by the active system at the lower test sec- 
tion Mach numbers. At a test section Mach num- 
ber of 0.40, about 5.0 percent of the test section 
mass flow was removed with the active system 
compared with about 0.25 percent removed with 
the passive system, and at  a near transonic Mach 
number of 0.73 the active system removed 2.5 per- 
cent of the test section mass flow compared with 
1.85 percent removed with the passive system. 

5. The compressor pressure ratio performance was 
close to the design values for all removal rates 
over the range of tunnel operating conditions. 

6. The required power of the compressor never ex- 
ceeded the available power of the drive motor for 
all flow rates and over the range of tunnel opera- 
tion conditions tested. 

NASA Langley Research Center 
Hampton, VA 23665-5225 
August 29, 1986 
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